Abstract
The sketch of the Danube reach downsream of Gabcikovo hydropower plant The investigated river reach was a highly dynamic braided channel until the end of the 19 th century [4] , with a relatively high bedload transport [5] . A unique nature of this river reach is that the planform changes abruptly in a short range from the upper course to the middle course [6] . A sudden decrease of the water slope can be observed (changing from ~40 cm/km to 15 cm/km) [7] . Consequently, the sediment transport capacity also significantly decreases, which led to intense aggradation and to the formation of bars, islands and branches [8] . The first significant human measure took place by a river training project of the main Danube channel, between 1886-1896 [9] . The measure had a significant effect on the river morphology. Because of this, at the end of the 19 th century, the planform of the river reach became more meandering rather than braided. However, the river planform contained unstable bed forms, e.g. pseudo-bends and surflections [10] .
The recently altered morphological processes are caused mainly by two important river training measures [7] . First, the construction of the Gabcikovo dam in 1992 resulted in significant deficit in the sediment supply from upstream reaches. This process led to considerable bed level erosion downstream of the dam, reaching even 2-4 meters. Moreover, the deposition of the eroded bed materials resulted in the formation of further point bars, in the downstream river reach. This process contributed to the further evolution of the Vének ford (Fig. 2) [8] . Second, in order to improve the navigability of the river, groin fields (Fig. 2 , continuous dark lines) were constructed aiming at the deepening of the river bed by the increasing flow velocity and anticipated bed erosion. Indeed, these measures had major effects on the local bed morphology, e.g. local scouring and bed material coarsening at the groins heads, and deposition of fine material between and downstream of the groins [11] . Figure  2 shows the navigation map regarding to the examined river reach. The light spots refer to the higher bed levels. Thus, the Vének ford is viewable.
The indicated processes caused spatially and temporally permanently varying flow and morphodynamic conditions, clearly underlining the major role of manmade effects on the river morphodynamics [12] . However, it is expected that the current trends of morphological changes are going to approach a new dynamic equilibrium state [13] reaching a relatively stable bed morphology. Since the morphological features (e.g. longitudinal bed slope, bedload material and volume) have changed significantly, the alteration of the type of the alluvial river pattern (sinuous or meandering river) [14, 15] is not obvious, but vital. Thus, the question is, whether the bed level change trends are still in progress, or have already reached a quasi-equilibrium state. The main goal of this research is to predict the potential morphological trends and the potential equilibrium geometry based on bathymetry data, flow measurements, bed material and bedload transport data.
Typical morphological changes after the construction of the upstream power plant (1992)
Since 1992, the current morphological processes of the study reach are basically influenced by the Gabcikovo hydropower plant. Several research projects were carried out, focusing on the development of the sub-processes of the complex changes.
The lower diagram of Figure 3 shows the bed development in the Danube at the sections between rkm 1813 and rkm 1795. During this period, the effect of the dam resulted intensive degradation downstream of the old Danube and tailrace canal confluence zone (rkm 1813 -rkm 1808). Rákóczi and Sass [16] investigated the morphological effect of the dam, based on field measurements, performed in 1992 October (right before the installation of the Gabcikovo dam), 1993 and 1994. The paper explained in detail the sub-processes, which lead to the Fig. 2 The navigation map of the study Danube reach and the Vének ford complex morphological phenomenon. As the water slope downstream became even lower, the sediment transport capacity suddenly decreased. Thus, the eroded sediments were transported and deposited downstream of the Medvedov-Vámosszabadi Bridge (Figure 3) , resulting in the formation of point and side bars. Because of the effect of the selective erosion phenomenon these bed forms typically built up of coarser grains. In the first instance, higher flood waves can cause essential bed changes. However, the selective erosion process leads to the formation of armored bed surface, which contributes to reaching the dynamic equilibrium state. By comparing the bed material samples to the bed geometry changes Rákóczi and Sass supposed, that the bed change process was still in progress, in 1996. The research work of the Slovakian Water Research Institute detected further bed changes (Fig. 3, top diagram) after 1994, supporting the assumptions of Rákóczi and Sass [17] . Between 1994 and 2001, the erosion section extended downstream and reached rkm 1801. On the other hand, the eroded sediments caused bed level rise and formed bed forms downstream, especially from rkm 1801, which reduced the water level gradient. The research of Holubová [17] also mentioned that the dynamic equilibrium state was not achieved yet, in 2004. In order to reveal bedload dynamics, as a primary indicator of morphodynamics, a subsequent research by Rákóczi [18] aimed at estimating the bedload velocity. It was found that an average particle displacement is around 10 m/day, which is quite considerable, but realistic. In the absence of sediment supply from the upstream, the bed-load transport results in a significantly slower, but apparent shift of the bars anticipating a durable morphological variation at the bars, such as the Vének ford. At 2004 Rákóczi found [18] that the dynamic equilibrium state was not yet reached.
Holubova et al. [19] published a research on the morphological development of the Hungarian-Slovakian Danube between the installation of the Gabcikovo dam and 2013. The paper pointed out that the significant part of the bed erosion took place until 2006, mainly between rkm 1800 and rkm 1812. The deposition of the eroded sediments is a somewhat lower process [11] . However, Holubova et al. [19] found that aggradation occurred between rkm 1770 and rkm 1800, but considerable bed level rise could not be detected since 2006. Accordingly, the bed level deepening and aggradation were still in progress between 2006 and 2013, but the extent of these morphological processes followed a decreasing trend. This is confirmed by the effect of the historical flood wave in 2013; bed erosion at the downstream part of the Gabcikovo dam and deposition at the lower section occurred, but not in a significant magnitude.
A study [20] of Varga-Lehofer studied the annual morphological changes in the navigational channel of the upperHungarian Danube section, for the period between 2005-2013. The study (see Figure 4) showed that beside the not negligible bed level changes, significant trends (consistent erosion or sedimentation) cannot be observed in the thalweg. The coloring indicates that only local changes took place. It can also be stated that the significant geometric changes were mainly caused by flood waves. During high these high water regimes mainly scouring processes at the tip of the groins, deepening in the narrows and bar formations occurred. These kinds of morphological changes were rather local features than typical trends related to a longer river reach. The research points out that the flood waves might have a different effect on a given river reach. For example, the flood waves in 2006 and 2010 resulted in significant bed deepening in the main stream at the river reach of the Vének ford (between rkm 1796 and rkm 1797). In contrast, the historical flood wave in 2013 caused rather bed level rise around this section. The study notes that although the changes in river bed volume suggest a deepening trend in the main stream of the Danube reach between rkm 1796 and rkm 1799, the authors [20] expect rather a sediment deposition trend since 2010. Based on the above presented literature, the following findings can be summarized. The considerable bed erosion at the upper part (rkm 1800-1812) and aggradation at the lower reach (1794 -rkm 1800) ( Fig. 3 ) led to the decrease of the water level gradient. Based on the water levels presented by Varga-Lehofer [20] , the low flow water surface slope decreased from 23-25 cm/km (1984) to 13-15 cm/km (2014) between rkm 1812-1792. The erosion capacity is characterized well by the bed shear stress, which can be expressed according to the slope method: in which ρ is the fluid density, g is the gravitational acceleration, h is the water depth, and S is the water surface slope. Accordingly, the erosion and thus the sediment transport capacity depend quasi linearly on the water slope [8] . Since the water level slope decreased significantly during the last 30 years, essential reduction trend in the erosion is expected, this suggests the reaching of the dynamic equilibrium state.
Morphological study of the Vének ford between 1992-2014
The Vének ford can be found in the examined Danube reach (Fig. 2) at the left bank of the river, between rkm 1796 and rkm 1797. As the study of Varga-Lehofer [20] presented, considerable bed changes occurred in the vicinity of the ford, between rkm 1797 and rkm 1794, but exact trends for the whole reach cannot yet be detected. However, because of the appearance and formation of the ford, the navigation became more and more difficult at this river reach. Therefore, the morphological processes around these bed forms were studied in more details, in order to determine the dominant bed change processes and the potential trends. For this purpose, the cross-sectional bed levels were depicted from the years 1992, 2002, 2006 and 2013 (Fig. 5) , related for the transect at rkm 1797.3 (see Fig. 2 ). The cross-sectional bed geometry measurements were carried out by the North-Transdanubian Water Directorate in Hungary. Based on the figures, the characteristic bed changes can be estimated over 1992 -2013. The Vének ford is located at the left bank of the river. Thus, looking at the left part of Figure 5 (100 -250m) it turns out that continuous erosion processes occurred at least in the upstream part of the ford, since 1992. The phenomenon can be explained by the deficit in sediment supply caused by the Gabcikovo dam. The investigation of the spatial changes of the ford was Despite the fact that the dotted contour line indicates significant spatial decrease of the ford, the bed change maps show that the maximum bed level lowering was only about 0.5 m. These statements are consistent with Fig. 5 ; the slight incision of the ford can be observed between 2006 and 2013.
Morphological investigation based on flowmeasurements
In order to gain more detailed insight into the local morphological and hydrodynamic state and processes, field measurements were carried out. A 1-day long field expedition was performed between rkm 1796 and rkm 1800 including the Vének ford, in 2013 July [21] .
Within the measurement campaign, the flow conditions and bed geometry was mapped using a so-called acoustic Doppler current profiler (ADCP) (WorkHorse Rio Grande 1200 kHz) in both fix and moving modes. The operating principle and different application fields of ADCPs are explained, for example, by [22] . During the fix boat measurements, the boat was anchored in a given location for at least 180 seconds. At those locations, bed material samples were also taken by a drag-bucket sampler. Thus, the composition of the bed material could be determined by laboratory analysis of the physical samples.
At the study river reach, the average depth at mean flow is around 5 m and the mean discharge is around 2000 m 3 /s. The measurement was conducted right after the historical flood wave at the discharge of 1500 m 3 /s at low flow regime. The following figure shows the discharge time series for a 2-year-long period, indicating date of the measurement by the dashed line. As Rákóczi [25] introduced through a number of cross-sections of the Danube River, the combined analysis of the crosssectional bed geometry and the cross-sectional grain-size distributions of the bed material can provide valuable information regarding the local morphological status of the river. In Figure  8 the contour map indicates bed levels, while the circles on the plots indicate the local d 90 values of the bed material, derived from the bed material analysis. The larger and lighter the circle, the coarser the bed material. The darker spots refer to the lower bed levels, thus the main stream can be observed.
Usually, the coarsest bed material along a river transect is expected in the thalweg, i.e. at the deepest part of the section. Indeed, this character can be detected in cross-sections at rkm 1796.1 and rkm 1798.5, respectively. In the remaining two cross-sections, however, the coarsest sample was found at the left bank side, which in fact characterizes the Vének ford. This phenomenon can be explained by the selective erosion process [11] , i.e. if the bedload particles arrive in a place with lower bed shear stress than upstream, the coarser and maybe the finer grains find a more stable place. Thus, the transport velocity of the grains decreases and, in case of larger gravels, can actually stop. Finally, the trapped particles can form dunes, bars or islands, where each grain size can be found (the largest gravels might have the highest percentage). In turn, in the thalweg, the flow with higher sediment transport capacity does not let the finer particles to settle, therefore they most likely cannot be found in the bed material. Consequently, the bed material contains rather coarser gravels, leading to the development of bed armor. Figure 9 shows the cross-sectional bed levels and the points, where bed material samples were taken from at rkm 1798.5. The related grain-size distributions can be seen in Figure 10 . As the bed geometry suggests, thalweg shifts to the left bank. The coloring of Fig. 8 clearly indicates the intensive narrowing of the channel here. The consequent flow acceleration results in an increasing bed shear, which explains why the bed sample nr. 3 consist of the coarsest grains (Fig. 10) . Apparently, this part of the bed is armored, since the sand is almost completely absent here (Fig. 10, solid line) . The resistance of the bed surface is most probably high, because the historical flood wave (which happened a month before the measurement campaign) was not able to break up the armor. Bed sample nr. 1 is located a little farther from the thalweg. The sediment transport capacity is lower, which leads to the appearance of finer sand particles in the bed material. The shape of the grain-size distribution curve suggests that this point is in dynamic equilibrium state, i.e. the sediment supply and the eroded sediments are in equilibrium. Sample nr. 4 contains almost coarse sand, without significant amount of gravel or silt. Based on the following statements it can be stated that although the points are in different morphological phases, no significant morphological changes are expected. Figure 11 shows the cross-sectional bed levels involving an upper segment of the Vének ford (sampling point nr. 5). Figure  8 indicates the shifting of the thalweg to the right bank. Therefore, close to the left bank, the flow has a lower erosion capacity. The coarser sediment grains arriving from upstream can therefore be trapped here, and the transport velocity of the finer grains also decreases. The grain size distribution of this point (Fig. 12 , solid line) enhances this phenomenon, i.e. the rate of the coarser grains is significantly higher that of finer particles. Since the larger grains are not trapped in the main stream (Fig. 8) , the rate of the gravel fractions is lower. Apparently, the transport capacity at sampling point nr. 8 is high enough to wash out all the finer (< 2mm) sands. Since the shapes of the three grain size distribution curves are quite similar, moreover, they almost overlap each other, the cross-section seems to be in dynamic equilibrium state and so none of the points indicate bed armor development or siltation. Finally, the cross-section downstream of the Vének ford was analyzed. As Figure 8 suggests, the thalweg is shifted to the left bank at this location. The coarsest bed material sample was, however, not taken from the left bank but rather from the center of the section (see points nr. 13 and 14 in Fig 14) . Similarly to the previously analyzed cross-section, the similar and coincident grain-size distribution curves (Fig. 14) , containing all sizes of the fractions, characterizes this part of the river. It can be concluded that this cross-section also represents dynamic equilibrium state. An essential part of the field measurement was the determination of the local bed shear stress values. As Kim et al. [23] reported in their study, several methods exist to estimate the bed shear stress as a function of the flow conditions. Here, the bed shear stress was estimated based on the turbulent wall law [24] using the time averaged vertical velocity profiles obtained from the fixed boat ADCP measurements and spatio-temporal averaged velocity profiles from the moving boat measurements. In the latter case a moving averaging of a 40m wide window was performed on the raw velocity data. The turbulent wall law equation is:
where U(z) is the horizontal velocity, u * is the shear velocity, is constant von Karman (), and z 0 is the zero-velocity level above the bed.
Accordingly, the bed shear velocity value can be expressed using the equation of the logarithmic function fitted to the averaged velocity profile (e.g. [11] ). Finally, the bed shear stress can be quantified as:
where τ is the bed shear stress and ρ is the density of the water. The interaction between the near-bed flow conditions and the bed material could be well assessed by comparing the d 90 grain size values and the local bed shear stress values at the measured points (Fig. 15) . The different notations of the points indicate the typical location of the sampling point in the bed, such as thalweg, bank or gravel bar. A general and logical tendency can be observed, indicating that the increasing bed shear stress characterizes a coarser bed surface. This statement in fact refers to the selective erosion phenomenon. There are, however, three points indicated by circles, which do not match the general tendency. Based on the comparison of the squares against the triangles and circles it can be seen that at the same shear values the coarsest bed materials belong to the points of the Vének ford. This finding supports the statement that the forming and coarsening of fords can be explained by the trapping of the coarser gravels transported from upstream.
The other separated single point indicated by a circle refers to a possible armour breakup, since a quite low d 90 value belongs to a high bed shear stress. The other two circles with higher (> 6 N/m 2 ) bed shear stresses suggest bed armoring, as the corresponding bed material at these locations is rather coarse, d 90 > 40 mm. Based on the moving boat ADCP measurements, cross-sectional bed shear stress distributions could also be estimated according to Eq. (2) and (3). As mentioned before, the instantaneous velocity data was first smoothed with a 40 m wide moving averaging and the logarithmic curve was fitted onto the filtered velocities. This in fact means a spatial and temporal averaging of the velocities. The estimated bed shear stress values are plotted in Fig. 16 by dotted lines. The solid white lines on the same plots indicate estimated bed shear stress values derived from flood measurements. The related moving boat ADCP surveys were performed during at the peak of the historical flood wave in 2013, at a flow discharge of ~10 000 m 3 /s. In the most upstream section, the highest bed shear values are shifted to the left bank during low water which can be explained by the narrowing of the channel as mentioned above (see again Fig. 8 ). During the flood, however, the channel widens and the highest bed shear moves to the centerline of the river. It is also notable, that despite the cca. five times higher flow discharge, the maximum values are nearly the same. Due to the armored left part of the channel, local bed changes could be caused by the flood rather along the right side of the channel. In the cross-section located at rkm 1797.4, the bed shear stress values during the flood were respectively higher at the thalweg than during low flow, increasing from 1-3 N/m 2 to 5-10 N/m 2 . At the right part of the cross-section, the bed shear stress distribution likely refers to local effects, e.g. the extreme value of ~20N/m 2 might be resulted by the highly turbulent flow generated by the groin. This result also suggests that rather only local bed changes are expected during floods. The effect of the groins can be observed in the most downstream cross-section, too. The extreme peaks in the shear distribution are caused by the groin in case of the low flow (dotted line) and caused by the steering effect of the downstream island during the flood. However, the shear values are consequently higher during the flood at the right part. It causes the resuspension of fine particles from the otherwise dead flow zones, e.g. behind the groins. The flood wave causes significant bed shear stress increase at the left side of the cross-section, where the Vének ford is located. Despite the quite coarse bed material at the ford, the higher erosion capacity lead to the erosion on the downstream end of the bar, as discussed above.
Bedload regime investigation based on field measurements
The North-Transdanubian Water Directorate in Hungary carries out regular bedload transport measurements from the Medvedov-Vámosszabadi Bridge (rkm 1806) since 1998. During the period of 1998 -2015, 66 measurement campaigns were performed under different flow regimes characterized with a discharge range of 949 m 3 /s and 4670 m 3 /s. According to the regular method seven samples are taken from the cross-section by the same method and equipment (modified Károlyi bedload sampler [7] ). The sampling interval is 15 minutes. Based on the results of the 18 year long data collection, the bedload regime, which represents the upstream end of the study river reach at the Vének ford, can be analyzed. Figure 17 shows the measured bedload discharge values versus the flow discharge. The values are separated for consecutive 6 years. The rating curves were fitted separately for the three indicated periods. A significant scattering of the points can be observed (Fig. 17) , however, a clear tendency is also detectable, showing a considerable decrease of the bedload transport in time. For instance, the bedload rate at medium flow discharge (~2000 m 3 /s) drops from 1.7 to 0.1 kg/s, i.e. with 94 %. This phenomenon suggests that the previously recognized erosion between the Gabcikovo hydroelectric power plant and Medvedov-Vámosszabadi Bridge (rkm 1819 -1806) became less significant.
Based on these findings, the following assumption can be made: along the eroded reach (between rkm 1812-1800) bed armor developed and a consequent stable river bed. Furthermore, due to the decreased amount of bedload transport from the upstream sections the aggradation process at the study site became also less important, enhancing the equilibrium conditions. As a matter of fact, the decreasing trend of the bedload discharge at the study river reach was also reported by Holubová et al. in 2015 [19] . In that study a completely different approach was used compared to the data assessment method introduced here, as a 1D sediment transport model was applied for the morphological investigation of the Danube. Their results also show a clear decreasing tendency in the long-term bedload transport.
As a matter of fact, the decreasing trend of the bedload discharge at the study river reach was also reported by Holubová et al. in 2015 [19] . In that study a completely different approach was used compared to the data assessment method introduced here, as a 1D sediment transport model was applied for the morphological investigation of the Danube. Their results also show a clear decreasing tendency in the long-term bedload transport.
Conclusions
The morphological features of the study reach in the upper Hungarian section of the Danube River (downstream of the Gabcikovo hydroelectric power plant) have significantly changed during the recent decades. Based on the results of this study it can be stated that a significant decrease of the bedload discharge took place. This process and the considerable reduction of the water level gradient phenomenon [17] suggest that the river planform of the river was changed [15] . This sort of morphological variation can also be justified by the water gradient criterion of Lane [26] according to which, the decrease of the water level slope initiates a straight meandering transition. Moreover, the recent decreasing trends in the water level gradient and in the bedload discharge contribute to the formation of stable and incised river channel. However, this kind of planform change caused by anthropogenic impacts is not a unique phenomenon, similar process could be recognized e.g. in River Dráva in the 19-20th centuries [27] . Based on these conclusions, reduction in the development of gravel bars and less diverse cross-sections, in terms of geometry, are expected. This is consistent with the findings concerning the stable river reaches, in Chapter 3.
It can be stated, the study river reach is close to a dynamic equilibrium condition. Slight morphological changes in the future can be expected though, such as the slow abrasion tendencies at the Vének ford during mainly floods accompanied by minor bed level rise in the main channel. However, the authors assume that these future variations in the morphology will rather be the result of local processes (e.g. scouring process, silting up behind groins, etc...) instead of morphological changes effecting the whole river reach.
Besides the assessment of field data of different spatial and temporal scales, such as the ones introduced in this study, an alternative manner to analyze and predict future bed changes is the 3D computational modelling. The computational flow models coupled with sediment transport models have already been applied for the Hungarian Danube and showed promising results [28, 29, 30, 31] . Moreover, recent improvements of the sediment transport modeling techniques, by e.g. combining two sediment formulas and applying them in the same model at the same time at zones of different morphological characteristics [32] can even more contribute to the reliable prediction of future bed geometry changes. Furthermore, with the utilization of numerical tools the impact assessment of planned river restoration measures can also be performed.
